Abstract. MicroRNAs (miRNAs) are short, non-coding RNAs that are aberrantly expressed in tumors. miRNA-33a (miR-33a) is closely associated with cholesterol metabolism and is essential for cellular growth. The aim of the present study was to explore the role of miR-33a and identify its clinical significance in lung cancer cells. miR-33a was observed to be overexpressed in the lung cancer cell lines A549 and NCI-H460. MTT assay results demonstrated that the overexpression of miR-33a significantly inhibited the proliferation of A549 cells, and similar results were obtained from the colony formation assay. This suggests that transfection of miR-33a may suppress the growth of lung cancer cells. Overexpression of miR-33a was also observed to result in marked G 1 /S phase cell cycle arrest in A549 and NCI-H460 cell lines using fluorescence-activated cell sorting analysis. Western blot analysis revealed that overexpression of miR-33a significantly reduced the expression of β-catenin in A549 and NCI-H460 cells, suggesting a direct or indirect regulation of β-catenin by miR-33a in lung cancer cells. In conclusion, the current study may provide strategies for the treatment of lung cancer and clarify the mechanism of its progression.
Introduction
Lung cancer is a disease characterized by uncontrolled cell growth in lung tissue and has the highest incidence and mortality of any type of cancer (1, 2) . Small cell lung carcinoma (SCLC) and non-small cell lung carcinoma (NSCLC) are the most prevalent types of lung cancer, and 80% of cases of lung cancer are NSCLC. Following diagnosis with lung cancer, the 5-year survival rate for patients is 10% (3, 4) , and the incidence and rate of mortality of lung cancer in China is rising. Thus, improvements in clinical diagnosis and management are required. Previous studies have focused on microRNAs (miRNAs) in the pathogenesis and progression of lung cancer (5) (6) (7) (8) .
miRNAs are a family of small noncoding RNAs that are 20~23 nucleotides in length, and act predominantly at the posttranscriptional level, working as critical regulators of gene expression (9, 10) . miRNAs are vital in the regulation of cell apoptosis and proliferation, in addition to functioning as either oncogenes or tumor suppressors in the cell cycle. At present, the number of miRNAs encoded by the human genome is >1,000, and miRNAs are established to be distributed in various cells and tissues in different proportions (11, 12) . miR-33a has been identified to be important in the lipid metabolism and the regulation of cholesterol and high-density lipoprotein formation, via the downregulation of ABCA1 and ABCG1 expression (13) . SREBP is an important gene that regulates lipid metabolism and the synthesis of fat, while the SREBP/miR-33 locus has been suggested to be involved in cell proliferation and cell cycle progression (14) . Cirera-Salinas et al (15) demonstrated that miR-33a was downregulated in lung cancer cells, however, the mechanism of miR-33a in the modulation of lung cancer progression remains to be fully elucidated.
In the present study, miR-33a was overexpressed in the lung cancer cell lines A549 and NCI-H460, and the progression and cell cycles were determined in miR-33a-transfected lung cancer cells. An improved understanding of the progression and mechanisms of lung cancer would be beneficial to patient prognosis. . RT-qPCR was used for detecting mRNA expression levels of miR33a, β-actin and β-catenin. Total RNA was extracted and reverse transcribed into cDNA using M-MLV reverse transcriptase and the oligo(deoxythymine)15 primer, and the resulting cDNA was used as a template for PCR amplification. The primer sequences were as follows: miR-33a, F 5'-GGT TAG ATC TTG CTC CAG CGG TTTG-3' and R 5'-GTA AAG CTT GCC CTC CTG TTT CCTG-3'; β-actin, F 5'-AGA GCT ACG AGC TGC CTGAC-3' and R 5'-AGC ACT GTG TTG GCG TACAG-3'.
Materials and methods

Cells
MTT assay. The proliferation of lung cancer cells was measured using an MTT assay as previously described (16) (17) (18) . Briefly, the A549 and NCI-H460 lung cancer cells were plated into 48-well plates. Following culture for 8 h, the cells were transfected with pGenesil-1.1-miR-33a or the negative control pGenesil-1.1 and cultured for another 6 h. Next, the medium was changed to DMEM with 10% FBS and the cells were cultured for 24, 48, 72 or 96 h. The proliferation of the lung cancer cells was determined by measuring the optical density of the samples at 490 nm.
Clone formation assay. The cells were plated into 6-well plates (5x10 5 cells/well) and transfected with pGenesil-1.1
and pGenesil-1.1-miR-33a cultured for 10 days. The medium was refreshed every 4 days. The surviving colonies (≥50 cells/colony) were fixed with methanol. The colonies were stained with 1.25% crystal violet staining solution (#C0121; Beyotime Institute of Biotechnology, Jiangsu, China) and counted under a light microscope.
Western blot analysis. The cell extracts were lysed in SDS lysis buffer (#P0013G; Beyotime Institute of Biotechnology) and separated using SDS-PAGE as previously described (19- Flow cytometric analysis. Cell cycle progression was determined using propidium iodide (PI) staining as previously described (22, 23) . A total of 1x10 6 A549 lung cancer cells were washed twice in cold HyClone phosphate-buffered saline (PBS; GE Healthcare Life Sciences) and fixed in 4% paraformalde- 
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hyde (Sigma-Aldrich). Following a 30-min resting period, the cells were washed twice again in PBS, PI (Sigma-Aldrich) and RNase A (Sigma-Aldrich) and were added at a final concentration of 100 ng/ml. Subsequent to incubation for 10 min at room temperature, the cells were detected and analyzed using flow cytometry (Beckman Coulter, Brea, CA, USA).
Statistical analysis. SPSS, version 11.5 (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis and all results are presented as the mean ± standard error. P<0.05 was considered to indicate a statistically significant difference.
Results
The expression of miR-33a in A549 lung cancer cells. The pri-miRNA PCR product sequence was measured and aligned using the basic local alignment search tool (Fig. 1A) . The expression level of miR-33a was detected in A549 cells using A B Figure 5 . Transfection with miR-33a inhibits the expression of β-catenin. The lung cancer A549 and NCI-H460 cell lines were transfected with miR-33a and cell lysates were prepared for detecting the expression of β-catenin by western blot analysis. β-actin was used as an internal reference. miR-33a, microRNA-33a; NC, negative control. qPCR, and the results demonstrated that miR-33a expression was significantly upregulated when A549 cells were transfected with miR-33a for 24 h (median ratio of 1.8-fold; P<0.05; Fig. 1B ) compared with the control vector.
Transfection with miR-33a inhibits the proliferation of the lung cancer cell lines A549 and NCI-H460.
In order to detect the effects of miR-33a on proliferation of lung cancer cells, MTT assay was used to measure proliferation levels in the A549 and NCI-H460 cells. The two cell lines were transfected with miR-33a and cultured for 24, 48, 72 and 96 h, and the relative optical density values measured at a wavelength of 490 nm were determined. The results indicated that the rate of proliferation of miR-33a-transfected A549 cells was significantly lower than the controls at 72 and 96 h (P<001; Fig. 2A ). This was consistent with levels detected in the NCI-H460 cells (P<0.05 and P<0.01, respectively; Fig. 2B ).
Clone formation rate is reduced in lung cancer cells transfected with miR-33a. The colony formation assay was used to confirm the inhibitory effect of miR-33a on the lung cancer cell lines A549 and NCI-H460. As illustrated in Fig. 3 , the number of colonies formed was significantly reduced in A549 and NCI-H460 cells transfected with miR-33a for 48 h compared with controls (P<0.01). Thus, upregulation of miR-33a may inhibit the proliferation of A549 and NCI-H460 lung cancer cells.
miR-33a induces cell cycle arrest at G 1 /S phase in lung cancer cells. Next, cell distribution was determined by fluorescence-activated cell sorting (FACS) analysis in a different group of cells. As demonstrated in Fig. 4 , a significantly greater number of miR-33a-transfected A549 cells were arrested at the G 1 /S phase compared with the negative control group (P<0.01), with the percentage of G 1 phase cells increasing from 58.57 to 74.97%.
Transfection with miR-33a reduces the expression of β-catenin.
β-catenin is established to be involved in cell cycle progression, and its abnormal expression is observed in various tumor cell lines. In order to detect whether the transfection with miR-33a affects the expression of β-catenin, western blot analysis was used to detect the expression of β-catenin in lung cancer cell lines transfected with miR-33a. As demonstrated in Fig. 5 , in miR-33a-transfected A549 and NCI-H460 cells, the expression of β-catenin was reduced compared with that in negative control cells. The results from the western blot analysis were consistent with those determined by qPCR, in which the levels of β-catenin were observed to be reduced in the miR-33a-transfected group compared with the control. (P<0.01; Fig. 6 ) The results suggest that transfection with miR-33a may significantly reduce the expression of β-catenin, which is likely to be involved in the suppression of cell cycle progression.
Discussion
miRNAs have been identified to serve an important role in the proliferation, apoptosis, metastasis and invasion in lung cancer progression. Abnormal expression of miRNA was first reported in 2004 (24) and mutation, misexpression and altered mature miRNA processing have been suggested to be implicated and involved in tumor progression (25) . miRNAs can function as oncogenes or tumor supressor genes in order to regulate tumor progression. For example, miR-494 has been identified to suppress cell proliferation and induce senescence in A549 lung cancer cells (26) ; miR-21 inhibits growth and promotes apoptosis in the human lung cancer cell line SPC-A1 (27) ; and miR-378 to significantly modulate human NSCLC progression and angiogenesis. miR-378 was thus suggested as a novel therapeutic target (28) .
Metastasis and invasion of tumor cells are factors key to the high mortality rates observed in patients with lung cancer (29, 30) . In the present study, whether miR-33a inhibits the invasion and migration of lung cancer cells was investigated. The results from the MTT assay demonstrated that transfection of miR-33a effectively inhibited the proliferation and progression of the A549 and NCI-H460 lung cancer cells. The colony formation assay was conducted in order to further confirm the inhibitory effect of miR-33a on the lung cancer cell lines, and the results were consistent with those of the MTT assay.
In the current study, miR-33a was identified to have potential tumor-suppressive activity, as overexpression of miR-33a was demonstrated to inhibit the growth of lung cancer cells. One of the mechanisms of this effect was suggested to be via the induction of G 1 /S phase cell cycle arrest, which was confirmed by the FACS assay. Western blot analysis identified that overexpression of miR-33a in A549 and NCI-H460 cells results in the downregulation of β-catenin expression, which is established to be involved in cell cycle progression and is abnormally activated in various types of tumor cell (31, 32) . In conclusion, the results of the current study provide information that may aid in the development of novel therapeutic strategies for lung cancer, in addition to aiding in the elucidation of the antitumor mechanism of miR-33a.
